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We study the effect of volumetric constraints on the structure and electronic transport properties
of distilled water in a nanopore with embedded electrodes. Combining classical molecular dynamics
simulations with quantum scattering theory, we show that the structural motifs water assumes
inside the pore can be probed directly by tunneling. In particular, we show that the current does
not follow a simple exponential curve at a critical pore diameter of about 8 A˚, rather it is larger than
the one expected from simple tunneling through a barrier. This is due to a structural transition
from bulk-like to “nanodroplet” water domains. Our results can be tested with present experimental
capabilities to develop our understanding of water as a complex medium at nanometer length scales.
PACS numbers: 73.63.-b, 61.46.-w
Liquid water is a very common and abundant sub-
stance that is considered a fundamental ingredient for
life more than any other. Yet we do not fully under-
stand many of its properties, especially when we probe
it at the nanometer scale, although a lot of research has
been done on this important system in this regime [1–
6]. Some of the first experimental studies of water on the
nanoscale have been done using a scanning-tunneling mi-
croscope (STM) [1], in which the tunneling barrier height
was found to be unusually low. This was hypothesized
to be the result of the three-dimensional nature of elec-
tron tunneling in water. Some STM experiments actu-
ally studied the tunneling current as a function of dis-
tance to understand the solid/liquid interface and found
that the tunneling current oscillates with a period that
agrees with the effective spacing of the Helmholtz lay-
ers [2]. Water has also been studied when encapsulated
by single-walled carbon nanotubes in which, via neutron
scattering, the water was observed to form a cylindrical
“square-ice sheet” which enclosed a more freely moving
chain of molecules [3]. These structures are related to the
fact that these carbon nanotubes have cylindrical sym-
metry and are hydrophobic. More recently, the dynam-
ics of water confined by hydrophilic surfaces were studied
by means of inelastic X-ray scattering showing a phase
change at a surface separation of 6 A˚. Well above 6 A˚
there are two deformed surface layers that sandwich a
layer of bulk-like water but below 6 A˚ the two surface
layers combine into one layer that switches between a
localized “frozen” structure and a delocalized “melted”
structure [4]. On the computational side, many molecu-
lar dynamics (MD) simulations have been done to study
water in a variety of environments. Of particular interest
has been the study of hydrophobic channels because in
this case water has been shown to escape from the chan-
nel altogether for entropic gain [5, 6]. However, these
structures, and in particular the formation of water nan-
odroplets, are difficult to probe experimentally.
Recent interest in fast DNA sequencing approaches has
been crucial to the advancement of novel techniques to
probe polymers in water environments at the nanome-
ter scale. In particular, the proposal to sequence DNA
by tunneling [7, 8] has been instrumental for the de-
velopment of sub-nanometer electrodes embedded into
nanochannels [9–11]. These techniques open the door to
investigating the properties of liquids volumetrically con-
strained by several materials by relating the local struc-
ture of the liquid to electrical (tunneling) currents.
In this Letter, we take advantage of these newly-
developed experimental techniques and propose the
study of water in nanopores with embedded electrodes.
We find that indeed the structural motifs water assumes
inside pores of different diameters can be probed directly
by tunneling. In fact, we predict that the tunneling
current does not follow a simple exponential curve at a
critical pore diameter of about 8 A˚ as simple tunneling
through a barrier would produce. Instead, water domains
form a specific density of states which in turn gives rise to
these peculiar features. Our findings can be tested with
the available experimental capabilities on similar systems
[9–11].
To better understand the nature of this substance on
the nanoscale, we study the effects of confinement on wa-
ter’s structure and electronic transport properties in sil-
icon nitride nanopores using classical molecular dynam-
ics (MD) combined with quantum transport calculations.
Since the system is at room temperature quantum ef-
fects related to protons are negligible, which allows us to
use NAMD 2.7 [12], a highly parallel classical MD appli-
cation. We have chosen to work with Si3N4 nanopores
because they are readily fabricated to have very small
constrictions. Note also that the environment we con-
sider is not hydrophobic because silicon nitride (Si3N4)
nanostructures are known to have dangling atoms that
produce polar surfaces [13].
The system is built in a manner similar to the syn-
thetic pore in [14]. Using VMD [15], we build a β-Si3N4
membrane containing a double-conical pore with inner
diameter ranging from 4.5 to 9.25 A˚ (atom center to
atom center). The membrane includes two fixed embed-
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2FIG. 1. (Color online) A cross section of a nanopore for MD
after equilibration. The Si3N4 (gray) membrane is cut into
a hexagonal prism 2.6 nm thick and 9.1 nm wide (from one
vertex to the opposing hexagonal vertex) to satisfy periodic
boundary conditions in all three dimensions of space. We use
a double-conical pore with a 10 ◦ slant off of cylindrical to
better represent currently fabricated nanopores. The Si3N4
is harmonically constrained to reproduce its dielectric behav-
ior in experiments. The system is solvated to create a water
(blue) reservoir above and below the pore of combined thick-
ness 2.6 nm. The electric field goes from left to right between
the gold (yellow) electrodes.
ded gold electrodes that span the small constriction at
the center of the pore, similar to the pairs of electrodes
introduced in [7, 8]. Above and below the membrane lie
water reservoirs of about 3200 molecules combined that
provide a buffer between periodic images, and provide the
bulk with which the water molecules in the pore can be
recycled (see Fig. 1). We can safely ignore any entrance
effects on the structure of the confined water between
the electrodes since the correlation length of bulk water
at room temperature is between 1.5 and 2 A˚ [16] and each
pore entrance lies approximately 8 A˚ from the region of
interest. In addition, the confinement is gradual due to
the double-conical shape and testing has been done on
similar nanopores filled with water and ions to show that
increasing the thickness of the pore beyond 2.6 nm does
not change the basic dynamics of the system [17]. We
utilize the CHARMM27 force field [18, 19] for the inter-
actions of the TIP3P water whereas we use UFF parame-
ters for the Si3N4 [20]. Furthermore no ions are added to
the system to permit the study of pure water structures
and their effect on tunneling current. A Langevin ther-
mostat keeps temperature set to 295 K with a damping
coefficient of 1 ps−1 applied to the Si3N4 while a bias of
1 V between the embedded electrodes is achieved using
the Grid-steered Molecular Dynamics feature in NAMD
2.7 [12]. More specifically, we impose a 3-dimensional
potential grid on the region between the gold electrodes
which is linear in the transverse axis and constant in the
remaining two. Padding must be added to the box so
that there are no discontinuities in the field at the edges,
after which the grid is interpolated by cubic polynomials.
From these polynomials the gradient is taken to obtain
the electric field, which has been checked to be accurate
in the affected region. Note that we do not treat the im-
age forces created by the polarized water’s proximity to
an equipotential surface (both electrodes). However, our
calculations show that the strength of these forces is less
than the force due to the 1 V bias, although within an
order of magnitude for the water molecules on the elec-
trode surface. Therefore, we expect that since the image
forces act to align the water, much like the external field
does, the structural effects we find can only be enhanced
by their inclusion. The entire equilibrated system evolves
over 5 ns in an NVT ensemble with 1 fs time steps, yet
atomic coordinates are recorded every ps.
Position data snapshots of the gold and the surround-
ing water molecules are then taken to evaluate the cur-
rent over time. Although each snapshot is only a static
representation of the system we can safely calculate the
tunneling current at each recording. This is because the
time scale governing the tunneling electrons (∼10−15 s)
is much smaller than the time scale of the relevant dy-
namics of the water molecules (∼10−12 s) [21]. The ef-
fect of dephasing and other inelastic effects have been
estimated to be small for the distribution of currents at
reasonable electron-molecular vibrations and rotational
time scales [8], thus they can be neglected. To calculate
the current we use a single-particle scattering approach
that involves obtaining a tight-binding Hamiltonian (see,
e.g., [22]) and the single-particle retarded Green’s func-
tion, as detailed in [8] with no added noise. The resultant
current is given by I = 2eh
∫∞
−∞ dE T (E)[fr(E)− fl(E)]
where e is the elementary charge, h is Planck’s constant,
E is the energy of the scattering electron, T is the total
transmission function, and fr and fl are the right and
left electrode Fermi-Dirac distribution functions, respec-
tively.
In our analysis we cut out the first 1000 snapshots to
eliminate any transient behavior. The currents from the
remaining 4001 snapshots are binned to give a current
distribution for each nanopore diameter, as in Fig. 2.
The distributions take the form of approximate Gaussian
distributions, however the current axis is on a log scale.
Therefore the distributions are approximately of the form
P (I) ∼ exp
{−(log(I/µ) + 3cs2/2)2
2s2
}
, (1)
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FIG. 2. (Color online) Top: Normalized distributions of cur-
rent with the current axis on a log scale. The solid lines reflect
the normalized distributions of current at pore diameters of
6.25, 7.25, and 8.5 A˚. The dashed lines are Gaussian fits to
each distribution of log I. Bottom: Time averaged DOS as
a function of energy referenced at the Fermi level of gold for
different pore diameters.
where P (I) is the probability of realizing the current
value I, µ is the average current, c = ln 10, and s is the
standard deviation of the distribution of log I. This is
equivalent to stating that the distribution of log I is ap-
proximately a normal distribution. These observations
suggest that the coupling between the electrodes and the
water molecules is controlling the current distributions
[8].
The current averages are plotted against pore diame-
ter in Fig. 3. A simulation was run for every diameter
from 4.5 to 9.25 A˚ in 0.25 A˚ intervals. Below 4.5 A˚ wa-
ter is completely excluded from the region between the
electrodes and above 9.25 A˚ we obtain sub-pA average
currents which cannot be easily detected with present
techniques. As a medium water acts to reduce the ef-
fective barrier height to about 1 eV [10, 23], much lower
than the work function of gold (4.3 eV [24]). To em-
phasize this point we have calculated the current of a
rectangular tunneling barrier in which the barrier height
is the work function of gold and the barrier width is the
diameter minus twice the distance between the edge of
a jellium electron model with the gold density (rs = 3)
and the center of the closest plane of gold atoms [25].
The result of this calculation (dashed line in Fig. 3)
gives currents that are generally smaller than those of
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FIG. 3. (Color online) Average current plotted against pore
diameter with the current axis on a log scale. The solid line
reflects the time averaged current from the MD simulations
while the dashed line reflects the current of a rectangular bar-
rier (see text). The red line connects the points at 7 and 8.5
A˚ and is there only to highlight the bump in the current.
The lower inset demonstrates the standard deviation of the
current from MD against pore diameter again with the cur-
rent axis on a log scale. The upper inset, created with VMD
[15], shows a snapshot of the gold (yellow) electrodes and the
surrounding water (blue) at a pore diameter of 7.25 A˚.
the MD simulations (solid line) until about 8.5 A˚. This
is due to the simplistic choice of geometry of the barrier
which becomes more influential as the pore diameter in-
creases. The lower inset of Fig. 3 shows how the current
standard deviation follows the same trend as the current
average and generally decreases with increased pore di-
ameter. Even so, the standard deviations and averages
still differ and resemble each other because of the nature
of the distributions of current in Eq. 1 and the range of
current values spanning one to two orders of magnitude
as seen in Fig. 2.
The first feature to notice in Fig. 3 is the deviation
from the line of exponential dependence that includes di-
ameters 7.25 to 8.25 A˚. Since the current axis is on a log
scale, this deviation appears deceptively small. However
the MD current values can be several times larger than
the currents from a regression in the domain of the devi-
ation. We now show that this increase in the tunneling
current is the result of structural changes in the water.
To study the structure of water we plotted time aver-
aged density profiles of oxygen for several pores as de-
tailed in Fig. 4. The number of water molecules in each
snapshot can go from about 10 in the case of the 4.5 A˚
pore diameter to about 45 in the case of 9.25 A˚. The
density maps are plotted at the midpoint of each respec-
tive z-slice of space along the (x, y) plane with the ma-
genta outlines representing the pore-electrode boundary
at the midpoint of each z-slice. At the center of the pore
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FIG. 4. (Color online) Time averaged water density plots
for the (Top: 6.25, Center: 7.25, Bottom: 8.5) A˚ diameter
pore. The oxygen density (number/A˚
3
) is displayed via color.
The y-axis is the transverse electrode axis, the z-axis is the
longitudinal axis, and the x-axis is the remaining transverse
axis. The z-axis has been divided into five parts with the
bottom, center, and top fifths of oxygen being shown. The
magenta outlines represent the pore-electrode boundary.
the boundary is dominated by the flat electrodes yielding
near rectangular confinement, whereas the density above
and below the electrodes shows the circular structures
created in a cylindrical confinement.
We first notice that at 6.25 A˚ only one layer of water
can fit between the electrodes, although there is enough
space for large fluctuations as seen by the blurred den-
sity. At about 7.25 A˚ we see the formation of two layers
of water packed together tightly. In fact, these layers
start forming “nanodroplets” to reduce energy (see in-
set in Fig. 3). Lastly at 8.5 A˚ the bilayer of water is
smeared all over the confined space implying large fluc-
tuations again. These structural tendencies coordinated
with length reinforce the conjecture that the deviation
of the current from a simple exponential form is cor-
related to a sort of structural criticality. However, we
have checked that these critical structures do not resem-
ble a solid form of water. Instead thermal fluctuations
cause water molecules to be exchanged with the bulk so
that several molecules may explore the available space
between the electrodes for an energetically favorable po-
sition.
In order to have a better understanding of the effect
of these structural motifs we have computed the density
of states (DOS) at the different diameters. In fact, the
DOS roughly follows the same trend as that of the current
(see bottom panel of Fig. 2): at about 7.25 A˚ the DOS
is larger than at any other diameter. This implies that
certain structural forms of water introduce more states
for the tunneling electrons to utilize, effectively reducing
the barrier between the electrodes, thus increasing the
current. In the case of 6.25 A˚ the DOS is the smallest
of those shown in Fig. 2, meaning that the fluctuating
single layer of water that we see in Fig. 4 introduces less
states for the tunneling electrons to utilize.
The last feature to notice in Fig. 3 is the abrupt change
in current from 4.5 to 4.75 A˚. This corresponds to the first
occasion in which water molecules can enter the space
between the electrodes. At a pore diameter of 4.5 A˚
the DOS remains low due to the exclusion of water, but
increases dramatically when water molecules are confined
between the electrodes at a pore diameter of 4.75 A˚ (see
bottom panel of Fig. 2). Although the distance between
the electrodes slightly increases, the tunneling current
actually increases because of the introduction of water
molecules and therefore an increased DOS.
In conclusion, we have shown with a combination of
MD and quantum transport simulations the potential for
probing the structure of confined water in nanopores with
tunneling currents. We found that the distributions of
the log of the current are normal, suggesting that the
coupling between the electrodes and the water molecules
governs the form of the distributions [8]. We also find a
highly non-linear dependence of the log of the current as
a function of pore diameter. This non-linearity is due to
the introduction of states for electrons to tunnel through
5when water molecules form nanodroplets between the
electrodes. Because the effective tunneling barrier is re-
duced when electrons tunnel through water compared to
vacuum [10, 23], we record currents in the range of pA
to µA. These values as well as the recent demonstration
of nanopores with embedded electrodes make our predic-
tions within reach of experimental verification.
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